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[5] Phasing on Rapidly Soaked Ions

By RoNaLDO A. P. NAGEM, 1GOR PoLikARPOV, and ZBIGNIEW DAUTER

Introduction

There are three basic ways of solving macromolecular crystal struc-
tures: the molecular replacement method, direct methods, and the heavy-
atom method. Molecular replacement involves the use of a known search
model, closely similar to the macromolecule being investigated. Direct
methods are routinely used to solve the structures of small molecules,
where the diffraction data extend to atomic resolution. As a consequence,
these two methods cannot be used to solve novel structures with crystals
diffracting to lower than atomic resolution. The most general method of
solving novel crystals structures is therefore a heavy-atom approach in its
various modifications. In general, in this approach the initial phases are
derived from differences in crystal scattering caused by the presence of a
small number of heavy and/or anomalously diffracting atoms, which
can be inherently present in the native macromolecule or introduced by
chemical derivatization. Various types of diffraction differences can be
employed. In the single or multiple isomorphous replacement (SIR or
MIR) methods only the differences between the intensities of the native
and derivative crystals are used. If anomalous differences are used in add-
ition, the method becomes the isomorphous replacement with anomalous
scattering (SIRAS or MIRAS) method. If only the differences between
Friedel-related intensities at one or more X-ray wavelengths are used,
the technique is termed single- or multiple-wavelength anomalous disper-
sion (SAD or MAD), respectively. The details of each of these approaches
are comprehensively discussed in many classic textbooks.!?

The heavy atoms, providing the initial phase information, can be pre-
sent in the original macromolecule, such as certain transition metals in
metalloprotems or, more recently proposed as general tools, sulfur in pro-
teins™* and phosphorus in nucleic acids.” However, most general is the
derivatization before or after crystallization. An example of the former is
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the production of selenomethionine protein variants® by genetic engineer-
ing for the MAD technique. The classic derivatization approach involves
prolonged soaking of the native crystals in diluted solutions of various
heavy metal salts and coordination compounds. Such soaking procedures
are time consuming and often unsuccessful, owing to the lack of heavy
atom binding or the deterioration of crystal quality.

Dauter and co-workers have proposed that certain simple anions or
cations suitable for phasing, such as halides or alkali metals, can be intro-
duced into protein crystals by rapid soaks in the appropriate cryo derivati-
zation solutions”® (“quick cryosoaking approach”). This procedure
combines, in one rapid single step, derivatization and cryogenic protection.
Immediately before freezing the crystal for data collection, a native crystal
is immersed for a short period of time in a cryoprotectant solution drop
containing in addition a high concentration of the appropriate salt. Com-
pared with classic soaks, which combine low heavy-metal concentration
and long immersion times, this procedure is able to generate good iso-
morphous derivatives significantly faster. This approach is based on some-
what different chemical behavior of halides and alkaline ions in
comparison with the classic heavy-atom compounds.

Protein crystals contain a significant proportion of the liquid solvent
phase, filling the voids between the more or less globular protein mol-
ecules. Various small chemical compounds can diffuse through the solvent
channels within protein crystals, and this has often been used to obtain, for
example, enzyme complexes with inhibitors, cofactors, and so on. This dif-
fusion is quick, which is evidenced by the frequent presence of the glycerol
molecules bound to the protein surface after a short (2- to 5-s) immersion
of the crystal in the cryoprotecting solution containing glycerol.’

The rapid soak approach uses this property of protein crystals, which
allows small ions to diffuse within a short time to the solvent regions
surrounding the protein molecules and adopt ordered sites at their surface.

Ions Used for Rapid Soaks

Both negatively charged heavy halides and positively charged heavy
alkali ions have been proposed for this fast derivatization approach.

®W. A. Hendrickson and C. M. Ogata, Methods Enzymol. 276, 494 (1997).

7 7. Dauter. M. Dauter, and K. R. Rajashankar, Acta Crystallogr. D Biol. Crystallogr. 56,232
(2000).

SR.A.P. Nagem. Z. Dauter, and 1. Polikarpov., Acta Crystallogr. D Biol. Crystallogr. 57
996 (2001).

?J. Lubkowski. Z. Dauter, F. Yang, J. Alexandratos, G. Merkel, A. M. Skalka, and
A. Wlodawer, Biochemistry 38, 13512 (1999).

’



122 PHASES [5]

The presence of chloride anions has been observed in the structures
of proteins crystallized from solutions containing a significant concen-
tration of sodium chloride, for example, in tetragonal lysozyme.>'” When
lysozyme was crystallized from a solution containing NaBr'"'? or Nal,'?
a number of sites occupied by these halides appeared at the protein
surface. This observation, and the analysis of data collected on a few test
crystals, led to the proposal of using soaked bromides and iodides for
phasing.’

The two heavier halides, bromine and iodine, display a significant
anomalous signal in the range of wavelength easily accessible by most syn-
chrotron beam lines. Bromine has the K absorption edge at 0.92 A (13,474
eV) and is appropriate for phasing by the MAD method. Bromine has one
more electron than selenium and it has been used for MAD solution of oli-
gonucleotide structures after substituting thymine by the almost isostruc-
tural bromouracil.'* It can be considered as the nucleic acid equivalent of
the SeMet substitution in protein crystallography.(’ )

The iodine absorption edges (K at 0.37 A and L, at 2.39 A) are not
easily accessible, and iodine is therefore not suitable for the MAD work.
However, it retains a significant anomalous signal (" = 6.8 electron units)
at the copper characteristic wavelength of 1.54 A. lodine has been used as a
heavy atom in protein crystallography after chemical modification of the
tyrosine aromatic rings.'>!

Chlorine, the halide lighter than bromine or iodine, has its K edge at a
long wavelength (4.39 A), and displays only a small anomalous effect at
more accessible wavelengths (f” = 0.70 at 1.54 A and f" = 0.88 at 1.74
A). Nevertheless, with the accurately measured data it is possible to use

its anomalous signal for phasing. ™18

'Y C. C.F. Blake, G. A. Mair, A. C. T. North, D. C. Phillips. and V. R. Sarma. Proc. R. Soc.
Lond. B Biol. Sci. 167, 365 (1967).

K. Lim, A. Nadarajah, E. L. Forsythe, and M. L. Pusey, Acra Crystallogr. D Biol.
Crystallogr. 53, 240 (1998).

'2 Z. Dauter and M. Dauter, J. Mol. Biol. 289, 93 (1999).

L. K. Steinrauf, Acta Crystallogr. D Biol. Crystallogr. 54, 767 (1998).

" J. L. Smith and W. A. Hendrickson, in “International Tables for Crystallography™ (M. G.
Rossmann and E. Arnold. eds.), Vol. F. Chapter 14.2.1. Kluwer Academic. Dordrecht. The
Netherlands, 2001, p. 299.

L. Q. Chen, J. P. Rose, E. Breslow, D. Yang, W. R. Chang, W. F. Furey. M. Sax. and B. C.
Wang, Proc. Natl. Acad. Sci. USA 88, 4240 (1991).

'°L. Brady, A. M. Brzozowski, Z. S. Derewenda, E. Dodson. G. Dodson, S. Tolley. J. P.
Turkenburg, L. Christiansen. B. Huge-Jensen, L. Norskov, L. Thim. and U. Menge. Nature
343, 767 (1990).

7 C. Lehmann, (2000). Ph.D. thesis. University of Gottingen, Gottingen. Germany.

P J. Loll, Acta Crystallogr. D Biol. Crystallogr. 57, 977 (2001).



[5] PHASING ON RAPIDLY SOAKED IONS 123

The use of heavy alkali metals for rapid cryosoaks was proposed as an
extension to the quick cryosoaking approach with halides.® The heavier
alkali metals rubidium and cesium have two electrons more than the
halides bromine and iodine, respectively. This difference, extremely im-
portant from the chemical point of view, allows Cs or Rb cations to occupy
different positions in the crystal structure when compared with the pos-
itions occupied by I or Br anions. This fact adds an additional flexibility
to the procedure of quick cryosoaking and permits combined use of such
derivatives in MIR(AS) phasing, even when none of them are strong
enough to produce interpretable electron-density maps individually.

The K absorption edge of rubidium (0.82 A) is in the same range as Br
and Se K edges, which makes it a suitable atom for MAD phasing. Indeed,
it was tested as a useful MAD phasing source.'’

On the other hand, cesium atoms, even though possessing a strong
anomalous signal with f” =7.90 electrons at a wavelength of 1.54 A, are
not suitable for MAD experiments. The Cs absorption edges (K at 0.34
A and Lyat2.17 A) arc far away from the wavelength range accessible at
most synchrotron beam lines. The anomalous signal of cesium has been
used for phasing in the past, for example, for gramicidin.?’

Differences between Classic Reagents and lons Used for
Quick Soaks

The ions used for the quick-soak approach differ in their chemical prop-
erties from the classic heavy atom reagents. Halides in water solution occur
as not coordinated, monoatomic anions, although they interact with water
through hydrogen bonds. Alkali cations are coordinated by water mol-
ccules, but the coordination is not strong, and the metal aquo ligands can
be casily exchanged, for example, by the carboxyl or carbonyl oxygen atoms.
In contrast, in many standard heavy-atom reagents the ligands are strongly
coordinated or covalently bound to the metal.?! To bind to the appropriate
protein sites such reagents must undergo a partial hydrolysis or a similar
chemical substitution. They usually form strong complexes or bind cova-
lently to certain chemical functions of the protein, such as, for example, mer-
cury reagents with the cysteine sulfhydryl groups. If present in higher
concentration, these reagents often disrupt the protein intermolecular

198, Korolev, 1. Dementieva, R. Sanishvili, W. Minor, Z. Otwinowski, and A. Joachimiak.
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interactions, damaging the crystalline order and adversely influencing the
crystal diffraction. The usual procedures involve long (several hours or days)
soaks at low, millimolar concentration of the appropriate reagent, allowing
the chemical reactions to proceed slowly.

Bromide and iodide anions are soft, monoatomic, and polarizable. They
are attracted to the protein surface through various types of relatively weak,
noncovalent interactions. First, because of their negative charge they can
formion pairs with the positively charged arginine and lysine side chain func-
tions. Second, they can accept hydrogen bonds from various proton donors,
such as protein amides (in the main or side chains) and hydroxyls, as well as
solvent water molecules. Third, they can interact with the protein hydropho-
bic surfaces. All these interactions are observed in protein crystals contain-
ing halide sites. With respect to chemical interactions with proteins, halides
are not highly specific. The halide-bonding interactions do not require
any slow chemical reaction to take place and can be formed quickly.

The cations are more specific in the character of their binding. Alkali
ions have a preference for oxygen functions such as carboxyls (negatively
charged), carbonyls, or water. Their sites are in the vicinity of a few side-
chain carboxyls, or main- and side-chain carbonyls, available at the protein
surface, and usually have a number of water ligands. Rubidium and cesium
ions are not strongly demanding of the coordination geometry and can
have five to eight ligands.”” Because they do not coordinate water mol-
ccules strongly, the substitution of water ligands by the protein oxygens
takes place rapidly.

As stated above, binding of halides and alkali ions is not strong, and
their sites around the protein surface are partially occupied even if their
concentration in the mother liquor is higher than 1 M. All these ions can
share the sites with water molecules, and their occupancy results from the
competition between them and water in binding to various protein func-
tions with variable strength in the state of equilibrium. It is difficult to esti-
mate accurately the absolute occupancy factors of these sites. The relative
occupancies of the strongest anomalous sites in a few example structures
are given in Table 1.

Figure 1 illustrates the most typical sites and coordination of soaked
ions from the crystal structures solved by their use.

Procedure

A number of macromolecular structures from a variety of organisms
with different functions have been solved by using the quick cryosoaking ap-
proach with halides and alkaline metals. In Table 11%?23* we show several
derivatization aspects of some of these structures, including size of protein,
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soaking time, cryoderivatization conditions, and so on. It is easy to see from
Table 11 that there is not a general recipe for all types of proteins. However, a
few instructive steps, acquired with practice, could be followed to enhance
the chance of obtaining suitable derivatives for phasing.

Normally, the cryoderivatization solution is prepared from the original
mother liquor. The simple addition of a cryoprotectant and an appropriate
salt in high concentration is often enough to produce a good cryoderivati-
zation solution. Depending on the crystallization conditions, a complete or
partial substitution of salts containing various anions by bromides or
iodides also can be performed. As in the SptP:SicP complex structure
determination,™ the sodium chloride used during crystallization was com-
pletely replaced by sodium bromide during derivatization. Analogously,
lithium, sodium, and potassium can be replaced by cesium or rubidium.
In cases with a saturated crystallization solution, a partial substitution of
reagents is likely to work.

The results indicate that the quick cryosoaking approach can be used
with success under a number of adverse crystallization conditions. Differ-
ent types of precipitants have been used so far, including several polyethyl-
ene glycol (PEG) sizes, ammonium sulfate in various concentration, and
others. The use of other additives as detergent,y7 azide,? sucrose,”’ and
even ammonium sulfate in high concentration®® seems not to affect the
derivatization drastically.
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Fi16. 1. (Continues)

The choice between ethylene glycol and glycerol for cryogenic protec-
tion is in principle not too relevant for the derivatization process itself.
It should rather be chosen for each solution in order to provide complete
cryogenic protection.

Another decision that must be made before preparation of the deriva-
tive is the choice of the correct salt. If MAD data collection can be per-
formed, the use of bromide and rubidium salts such as NaBr, KBr, or
RbClis recommended. The pH of the mother liquor may suggest the most
appropriate salt. In principle, in low pH the protein molecules are posi-
tively charged, which therefore makes halides a better option. At high
pH the alkaline metals may be recommended. These recommendations
are based more on chemical intuition than experience, and more extensive
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F1G. 1. (Continued)

studies with different pH values are required for a final conclusion. On the
other hand, if the MAD approach is not applicable, the use of iodide
(Lil, Nal, or KI) or cesium (CsCl) salts combined with a longer X-ray
wavelength is advised.

It seems appropriate to mention that even though the content of the
asymmetric unit can only be estimated during data collection, and such
information cannot be used to verify the applicability of the quick cryo-
soaking approach, the results indicate that even larger macromolecules
such as 3-galactosidase®® or the SptP:SicP complex™ can be solved by this
technique. Similarly, macromolecular crystals with a solvent content as low
as 35% have already been solved.”**



130 PHASES [5]

Fi1G. 1. (Continued)

Bromides and iodides do not require long soaking times. Experience
shows that soaking for longer than 30 s is not necessary, and may lead to
deterioration of the diffraction power. Surprisingly, it has been observed
that short halide soaks can improve the crystal diffraction® and sometimes
even cause the crystal phase transition to a different symmetry.*® Metal
1ons seem to require somewhat longer soaking for successful derivatization.

%M. Harel, R. Kasher, A. Nicolas, J. M. Guss, M. Balass. M. Fridkin, A. B. Smit, K. Breje.
T. K. Sixma, E. Katchalski-Katzir, J. L. Sussman and S. Fuchs, Neuron 32, 265 (2001).
**Z. Dauter, M. Li, and A. Wlodawer. Acta Crystallogr. D Biol. Crystallogr. 57, 239 (2001).
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FiG. 1. Stereo plot of the representative sites of cryosoaked jons. Surrounding residues are
shown if they have at least one atom closer than 4.5 A from the ion. Coordination distances to
polar atoms closer than 3.5 A are marked. (A-D) Bromide sites in acyl protein thioesterase I
(E-H) cesium sites in trypsin inhibitor.

Examples

a-Galactosidase from Trichoderma reesei

The first crystals of a-galactosidase from Trichoderma reesei were
obtained in 1993.%7 Since then, much effort has been spent on solving the
phase problem for this protein. In spite of using a number of heavy metals
for derivatization (nearly 20 chemicals including Pt, Ag, Au, U, W, and

7 A. M. Golubev and K. N. Neustroev. J. Mol. Biol. 231, 933 (1993).
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rare earth elements), all ““derivatives’ suffered the absence of heavy-atom
binding.

The method of quick cryosoaking was then used to overcome this diffi-
culty. In the first trial, native crystals of a-galactosidase (P212:21;a = 46.5,
b=791,c=1194 A) were soaked in a cryoprotectant solution containing
in addition 0.1-0.5 M K1 and then used for X-ray diffraction data collection.
Initially, these diffraction data, collected at the PCr beamline>® at the Brazil-
ian National Synchrotron Light Source (LNLS), could not be used for
phasing because the search for iodine binding sites failed (nonisomorphism
was also observed; a = 41.9,b =79.9, ¢ = 120.0 A)

A second quick derivative, prepared with 0.2 M CsCl in the cryopro-
tectant solution, was then used for 1.6-A resolution data collection at the
same beamline. The incorporation of Cs atoms was successful and RSPS*
and SnB*’ programs found a few equivalent Cs sites independently, using
solely the anomalous signal of Cs atoms. However, similarly to the
I-soaked crystal, the Cs-soaked crystal (a = 42.1, b = 80.4, ¢ = 120.0 A)
was nonisomorphic to the native. Both soaked crystals showed a difference
of almost 10% in the a cell parameter compared with the native crystals.
Therefore, data for the iodine pseudo-derivative and the Cs derivative of
a-galactosidase were used as native and derivative, respectively, for initial
SIRAS phasing. Ten Cs sites were used by SHARP*! in the SIRAS ap-
proach, followed by DM,** and the resulting phases were good enough
for automatic model building by wARP.*

B-Galactosidase from Penicillium Species

One. of the highest molecular weight protein structures solved so far
with a derivative prepared according to the quick cryosoaking procedure
was [-galactosidase from a Penicillium sp., with 110 kDa (one molecule)
in the asymmetric unit. Initial X-ray diffraction studies revealed that (-
galactosidase crystallized in space group P4; with unit cell parameters
a=b=1109 A, c=161.0 A and diffracted to 1.85-A resolution.

An iodine derivative was prepared by immersion of a native crystal in
mother liquor solution containing, in addition, 0.25 M Nal and 30% ethyl-
ene glycol. Crystals were visually stable in the derivatization solution and

1. Polikarpov, L. A. Perles. R. T. de Oliveira, G. Oliva, E. E. Castellano, R. C. Garratt, and
A. Craievich, J. Synchrotron Radiat. 5, 72 (1997).

** CCP4, Acta Crystallogr. D Biol. Crysallogr. 50, 760 (1994).

*'C. M. Weeks and R. Miller. J. Appl. Crystallogr. 32, 120 (1999).

“'E. de La Fortelle and G. Bricogne, Methods Enzymol. 276, 472 (1997).

2 K. Cowtan, Acta Crystallogr. D Biol. Crystallogr. 55, 1555 (1999).

* A. Perrakis, R. Morris, and V. S. Lamzin, Nat. Struct. Biol. 6, 458 (1999).
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did not suffer large changes in cell parameters or loss of diffraction power
compared with native crystals. The SnB*” program used the normalized
anomalous differences of this derivative to locate the halide substructure.
Phase calculation performed by SHARP*! in the SIRAS approach with
13 iodine sites gave a mean figure of merit of 0.37 in the 27.0- to 2.60-A
resolution range. The final electron density map obtained after density
modification with SOLOMON™* was used by wARP* for automatic model
building. The number of built residues was increasing in each cycle; how-
ever, the convergence was slow and 3 days were required to obtain the final
model (95% complete).

Even though just one halide derivative was used for phasing and solving
of the crystal structure, we mention that a second quick cryo soaked deriva-
tive was obtained during model building. At this time, CsCl was used in-
stead of Nal in the derivatization solution. Twelve cesium sites were used
for SIRAS phasing. Similar to the first phase calculation, this one gave a
mean figure of merit of 0.37 in the same resolution range. When native
and both derivative data sets were combined in MIRAS phasing, the
resulting figure of merit was 0.52 and the electron density map showed
significant improvement compared with either of the SIRAS maps.

Acyl Protein Thioesterase

Crystals of human acyl protein thioesterase 1 were grown from a solu-
tion containing a high concentration of ammonium sulfate in a monoclinic
cell with two molecules of 228 residues each in the asymmetric unit. They
were soaked for 20 s in the mother liquor with added 1 M NaBr. The dif-
fraction data were collected to 1.8-A resolution at an energy 50 eV higher
than the Br absorption edge. The data displayed a clear anomalous signal
and the structure was solved by SAD, using only this data set.

The initial seven Br sites were located by SnB.* They were input to
SHARP,*" which after two iterations identified 22 Br sites in the residual
maps and produced a phase set with an overall figure of merit of 0.40.
The strongest 18 Br sites formed two groups of almost identical constella-
tions, clearly identifying the presence of a noncrystallographic 2-fold axis.
The application of density modification with DM* increased the figure of
merit to 0.85 and produced an easily interpretable map. The majority of the
residues were built automatically using WARP.* At the end of the refine-
ment, the anomalous difference Fourier map identified a total of 40 brom-
ide sites located at the surface of the two independent protein molecules.
They were included in the refinement of the final model with either full

**J. P. Abrahams and A. G. W. Leslie, Acta Crystallogr. D Biol. Crystallogr. 52, 30 (1996).
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or half occupancies, depending on the appearance of the corresponding
peaks in the anomalous difference map.

Conclusions

The quick cryosoaking approach was established in 2000, and since
then a number of macromolecular crystal structures have been solved with
this method. The results obtained so far indicate that, owing to its several
intrinsic aspects, it can be particularly applicable for high-throughput
crystallographic projects.

This approach can be used with a great number of different crystallization
solutions, and the presence of various compounds, such as sugars, additives,
or even precipitants, in high concentration does notimpede the fast incorpor-
ation of halide or alkaline metal ions to the solvent regions surrounding the
protein molecules. Moreover, halides or alkaline metals are less likely to
react with certain compounds that are used during crystallization than are
some heavy-metal salts (e.g., they do not precipitate with phosphate anions).

Another interesting point is that little preparative effort and only a
short time are required to produce a potential derivative. All the equip-
ment and chemical compounds used in this approach can be found in a
simple protein crystallization laboratory. A single 2- to 5-ul derivatization
solution drop is used in each trial and the crystal soak time is usually less
than 1 min. In addition, one can see immediately whether the crystal is
stable or not in solution and can modify the salt concentration and/or
soaking time to obtain a better derivative.

The choice between a halide and an alkaline metal salt must be made
before the derivatization procedure; this selection does not mean that a
second salt cannot also be used for another derivative. Sometimes this de-
cision can be made easily, depending on the types of compounds used in
the crystallization solution. lodides or bromides can replace chlorides.
Similarly, lithium, sodium, and potassium can be substituted by cesium or
rubidium. Because preparation of derivatives is fast, and data collection
normally is performed with frozen crystals, both types of derivatives can
be prepared and immediately frozen for data collection. Moreover, the
use of halide and alkaline metal salts during derivatization opens up the
possibility of using two essentially different derivatives to solve a protein
structure through MIR(AS) when none of them alone is able to do so.

Bromide and rubidium salts have an advantage over iodide and cesium
salts, in that the former can be easily used for MAD because their K ab-
sorption edges are in the similar energy range as the Se edge, the scatterer
used most often for MAD phasing. The latter derivatives, on the other
hand, with K absorption edges in the vicinity of 0.35 A, are not suitable
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for MAD phasing, even though some X-ray diffraction experiments have
been done at this energy.*> Nevertheless, iodine and cesium atoms possess
significant anomalous signal at longer wavelengths that makes them appro-
priate for SIRAS, MIRAS, and SAD phasing. Specifically at the copper-
anode characteristic wavelength (1.54 A) f" of I and Cs atoms are 6.8
and 7.9 electrons, respectively.

In general this new approach was proposed as an alternative way of pre-
paring derivatives when a protein does not bind heavy-metal atoms or is
not amenable to the preparation of a SeMet variant.
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[6] The Bijvoet-Difference Fourier Synthesis

By JEFFREY RoACH

Introduction

The isno dispute over the profound influence anomalous dispersion-based
techniques have had on macromolecular X-ray crystallography. Anomalous
difference Patterson synthesis and both single and multiple anomalous
dispersion phasing have become standard techniques of structural analysis.
Typically the initial goal of such an analysis is the determination of the lo-
cations of the anomalously scattering atoms. Bijvoet-difference Fourier
synthesis provides both a method of establishing absolute configuration
and an approximation to the heavy atom substructure of the system in
question. In general, this approximation is sufficient to identify the location
of the most significant anomalous scatterers. Once these locations are
known, the positions of the minor anomalous scatterers can be determined
by the more delicate imaginary Fourier synthesis.
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